The noise characteristics of today's short-channel devices are shown to have a better resemblance to ballistic devices than to long-channel metal oxide semiconductor field effect transistors ͑MOSFETs͒. Therefore the noise characteristics of these devices are best modeled using a ballistic-MOSFET-based noise model. Extensive hydrodynamic device simulations are presented in support of this hypothesis and a simple compact model is introduced. This model is used for predicting the noise behavior of future nanoscale devices. Most of the findings of this work can also be applied to carbon nanotubes and nanowires because of their similarities to MOSFETs.
I. INTRODUCTION
For the decades following the pioneering work of Johnson, 1 the study of noise in electrical devices has been an exciting research topic. During these years, the emergence of each new device has stimulated researchers to investigate its noise behavior. After the commercialization of metal oxide semiconductor field effect transistors ͑MOSFETs͒ in the early 1960s, extensive investigations were launched that helped designers understand major MOSFET noise sources in less than a decade. These investigations revealed that there are two partially correlated noise sources in every MOSFET: channel thermal noise ͑drain noise͒ 2 and induced gate noise. 3 By 1970, the classical formulation of MOSFET noise was finalized. This formulation was subsequently validated through measurements which substantiated its accuracy for existing MOSFETs. In 1986, Jindal 4 and Abidi 5 suggested that the classical noise model underestimates drain noise ͑hereafter briefly referred to as noise and denoted by I nd ͒ in short-channel devices. Since then, several studies have tried to replicate those results or theoretically explain this phenomenon. As can be seen in Fig. 1 , these investigations have led to different ͑and sometimes conflicting͒ results for MOSFET noise behavior. Today, these studies generally agree on only one fact: noise in short-channel MOSFETs is higher than classically predicted, however, by factors smaller than the ones reported in some early investigations. 5 Understanding noise in short-channel MOSFETs is thus an ongoing challenge. Most existing short-channel MOSFET noise formulations are based on the classical MOSFET noise model. According to this model, high-frequency noise in MOSFETs originates from the random thermal motion of carriers in the channel. In this classical approach, the channel is first sliced into small pieces of resistance dR. These slices are then replaced by their noisy model and the noise contribution of each slice at the output terminal is calculated using analytical or numerical means. Subsequently, these contributions are summed up, assuming independence, to give the total device noise. This formulation leads to the famous Klaassen and Prins equation 6 which after performing the integration ͑for an ideal long-channel MOSFET͒ gives the power spectral density ͑PSD͒ of the noise as 7, 8 
where ␥ is a constant whose numerical value is 2 / 3 for devices working in saturation and g d0 is the output conductance of the device for v DS =0 ͑with the value of v GS unaltered͒. To characterize the excess noise in short-channel MOSFETs, a noise factor is normally defined as ␥ = S ind 4kTg d 0 . ͑2͒ Figure 1 shows some reported values of measured noise factor for short-channel MOSFETs. For several years, various methods have been used to explain this excess noise and predict its power. Multidimensional simulations confirm the existence of excess noise in short-channel MOSFETs and suggest that most of this noise is associated with the source end of the channel. 9 These simulations also show that high order transport models, such as the hydrodynamic model, are necessary in order to capture excess noise. 10, 11 ͑In the hydrodynamic transport model, energy relaxation times are taken into account for charge carriers. Therefore, nonlocal effects such as ballistic transport can be captured more accurately using this model. More information on the details of this model is presented elsewhere.
12 ͒ Thus they suggest that the key issue in modeling noise in nanoscale devices is a thorough understanding of transport mechanisms.
Several studies try to explain excess noise based on elevated electron temperature in short-channel devices. 8, 13, 14 These studies usually manage to capture some excess noise in short-channel MOSFETs; however, they imply that the excess noise originates mainly from the drain end of the channel where electron temperature is maximum. This implication is inconsistent with quasi-two-dimensional ͑2D͒ numerical simulation results for high electron mobility transistor ͑HEMT͒ devices. 9 Several other compact models based on second-order device considerations have also been proposed recently. [15] [16] [17] [18] All of these methods are based on a revision of the longchannel noise formulation to account for emerging shortchannel effects. Unfortunately, these models often need continual revision because MOSFET scaling is an ongoing process. Furthermore, they usually fail to clearly predict noise performance of future nanoscale MOSFETs. With the emergence of new devices, such as carbon nanotubes and nanowires, with striking similarities to MOSFETs, the lingering uncertainty about the noise in nanoscale MOSFETs is raising more concerns.
Modeling of noise in MOSFETs does not have to depend on the long-channel noise formulation. We propose that the noise mechanism in modern nanoscale MOSFETs is more similar to the one in ballistic devices than it is to the longchannel MOSFETs. Therefore, it is more appropriate to model their noise behavior based on the noise behavior of ballistic devices. One of the advantages of this model is that, unlike long-channel-based models, its accuracy improves as MOSFET scaling continues and the devices operate closer to the ballistic regime.
The organization of this paper is as follows. We first discuss the noise mechanism in ballistic MOSFETs. Subsequently, we present a noise model for today's short-channel ͑semiballistic͒ devices based on the study of noise in ballistic devices. In Sec. III, detailed hydrodynamic device simulations are presented to support the proposed model. Finally, we use this model to predict the overall noise performance of future devices. Although we focus on MOSFETs in this study, most of what is presented is applicable to nanowires and carbon nanotubes because of their similarity to MOSFETs.
II. MOSFET NOISE CHARACTERIZATION BASED ON NOISE IN BALLISTIC MOSFET
In this section we first discuss noise in ballistic MOSFETs and then present a short-channel MOSFET noise formulation based on this ballistic MOSFET noise model. Note that noise modeling for ballistic transistors has already been reported by other authors 19 using detailed quantum mechanical simulations. Here we present a simple model which is most suitable for modeling noise in semiballistic devices and predicting overall device performance.
A. Noise in ballistic MOSFETs
To investigate the noise properties of ballistic MOSFETs, a clear understanding of current flow in MOSFETs is crucial. A careful look at carrier transport in MOSFETs shows that there are two obstacles for current flow in every MOSFET: the potential barrier next to the source and the channel resistance ͑Fig. 2͒. The potential barrier next to the source is the up curvature of the conduction band edge produced by the gradient in impurity concentration in that region. The properties of this barrier and its bias dependencies are discussed by Rahman et al. 20 Carriers are injected from the source to the channel at a rate, f inj , that depends upon the barrier height and carrier concentration at the boundary of source and channel, among other physical parameters. Subsequently, these carriers travel through the channel to reach the drain. The nonzero resistance of the channel implies that the carriers get scattered by various sources in the channel, especially near the silicon surface. The rate, f tra , at which the carriers cross the channel depends upon the average number of scattering events experienced by a carrier on its way from source to drain, as well as on the physical properties of the scattering phenomena. Therefore, in every MOSFET there are two obstacles for current flow: limited source injection rate and the channel resistance.
Because these two obstacles are in series, the dominant obstacle will dictate the current flow in a given device. In a long-channel MOSFET, the injection rate of carriers from the source is so high that the details of carrier flow in the region next to the source are of little importance. This approximation justifies the long-channel MOSFET formulation that only focuses on the channel region. In a ballistic MOSFET, on the other hand, current flow is mainly limited by the source barrier. For characterization of the electrical properties of these devices, a deep understanding of the carrier transport in the region next to source is necessary.
To understand the noise properties of ballistic devices, let us consider an ideal ballistic MOSFET in which the carriers instantaneously reach the drain after their injection. In such a device, carrier injections across the barrier will be nearly mutually independent because the injection of each carrier will not affect the electrostatic fields of the device long enough and strongly enough to have a sensible effect on the probability of the next injection. Such a situation leads to the appearance of shot noise. Therefore, the drain noise of this device can be modeled by a white noise current source with a power spectral density ͑PSD͒ of 2qI D connected between the source and drain.
In practice, even in a truly ballistic device, the injection of carriers is never completely mutually independent because of electron-electron interactions. 19 Nevertheless, the fictitious device introduced here is a powerful tool for developing a model for noise in short-channel devices.
B. Noise in short-channel "semiballistic… MOSFETs
In semiballistic devices, carrier transport is not entirely controlled by the source injection rate. Rather, it is affected by both carrier injection and channel resistance because each injected carrier has to undergo channel scattering to reach the drain. This process alters the electrostatic fields in the device until the injected electron is absorbed and device fields relax to their steady-state condition. More specifically, the height of the barrier is modulated upward by the injection of each electron reducing the probability of next injection for some period of time. This process generates a negative feedback which regulates the carrier flow. Such a regulation makes the noise power smaller than 2qI D , a phenomenon that is referred to as the partial suppression of shot noise.
To see how negative feedback can suppress shot noise, assume that the injection of carriers is regulated by negative feedback that restricts the carrier injection for T inj =1/ f inj after each injection while maintaining the same dc current. In this situation, all injections have to be exactly f inj seconds apart because if two of them are further apart, two others have to be less than T inj apart to maintain an average injection rate of f inj , a situation that is not permitted because of the first assumption. Since all injections are T inj seconds apart, the PSD of current is a train of delta functions at the harmonics of f inj . This frequency is normally a very large number and experimentally undetectable. For example, for a typical current flow of 1 A, f inj evaluates to 6.25 THz. Therefore shot noise is fully suppressed in this system. Although this is an extreme example, it illustrates what happens in systems with limited negative feedback such as the semiballistic device.
We can qualitatively analyze partial suppression of shot noise in semiballistic MOSFETs using historical studies on vacuum tubes. As discussed by Thompsom et al., 21 current flow in vacuum tubes can be limited by two mechanisms: the injection of carriers from the cathode ͑cathode efficiency͒ and the space-charge region next to this electrode. In early vacuum tubes, the materials used for the cathode had a low injection efficiency. The current flow in these devices was mainly limited by carrier injection from cathode, and the dominant noise phenomenon in the device was shot noise because carrier injections from the cathode are nearly mutually independent. With the emergence of high efficiency materials for the cathode, current in modern tubes is not limited by cathode efficiency. In these tubes, the cathode injects electrons at such a high rate that current flow is mainly limited by the space-charge region. In this space-charge limited regime, the injection events of carriers through the spacecharge region are not mutually independent anymore because the injection of each carrier alters the fields in the spacecharge region which in turn reduces the probability of the next injection. This phenomenon is discussed by Thompson et al. in detail 21 and it is shown that in this situation the PSD of current noise is given by
where I is the dc current and k s Ͻ 1 is the shot noise suppression factor. A semiballistic MOSFET resembles a vacuum tube in that there exist two current-limiting mechanisms in both devices. In a semiballistic MOSFET, the source barrier is analogous to cathode efficiency in cathode tubes while channel resistance resembles the space-charge region. By causing a negative feedback, this resistance suppresses noise to the value given in ͑3͒, in exactly the same way that the spacecharge region does it in modern vacuum tubes ͑Fig. 3͒. ͑It is interesting that in fully space-charge-limited tubes, current noise PSD is given by ͑1͒ with ␥ = 0.6438 ͑it is called in that formulation͒. This number is very close to the noise factor of long-channel MOSFETs even though this equation is derived in a totally different way for cathode tubes. 21 ͒ The suppression factor k s appears to be a better parameter for noise characterization of short-channel MOSFETs than the ␥ factor commonly used in literature because of its more intimate connections to the underlying physics.
In a typical nanoscale MOSFET, depending on whether the device operates closer to the long-channel regime or the ballistic one, the dominant noise mechanism shifts from thermal fluctuation to shot noise. Although both mechanisms ͑source injection and channel scattering͒ exist in every device, one of these mechanisms is normally dominant suppressing the effect of the other one. A good example to clarify the situation is the noise of a series combination of a resistor and a forward biased p-n diode. In this case, depend-
ing on whether the ac resistance of the diode is much smaller or much larger than the resistor, the total noise of the series combination will be dictated by the resistor or diode, respectively. When the two resistance values are comparable, the total noise is a weighted sum of both. Although it should be possible to obtain the classical long-channel predictions using the suppressed shot noise model, this derivation will be complicated and inefficient because the shot noise generated by carrier injection is heavily suppressed in these devices ͑this is indeed what had been done for cathode tubes for years 21 ͒. In this paper, however, we consider the situation where the noise due to the carrier injection is dominant. Inevitably, this approximation will introduce some error. However, the error will get smaller as scaling continues and devices operate closer to the ballistic regime.
Equation ͑3͒ suggests that in contrast to long-channel MOSFETs, which only show thermal noise, the dominant nonequilibrium noise source in short-channel MOSFETs is shot noise. This observation has significant implications on low-noise circuit design guidelines and the optimum device operating temperature in low-noise circuits. As will be shown in the next section, this phenomenon is already significant in today's short-channel devices.
III. SIMULATION RESULTS AND DISCUSSIONS
Verification of the accuracy of noise models is arguably the most difficult problem in noise analysis. The number of parasitic elements and environmental variables that can affect the outcome of a noise measurement experiment is virtually countless. In order to obtain reliable results, these elements and variables should be deembedded and accounted for or controlled during the course of the experiment. Because of the complexity of such experiments, there are usually protracted discussions about the validity of any experimental noise data reported in the literature.
To circumvent this problem, compact noise models are sometimes validated using detailed device simulations. These simulators are in turn validated using theoretical and experimental means. In this section we first validate the presented compact MOSFET noise model using detailed hydrodynamic simulations. We then discuss the appearance of shot noise in other nanoscale devices and the overall noise performance of such devices for circuit applications.
A. Simulation results
In this work, we use a hydrodynamic simulator which is specially tailored for noise simulation. In this simulator, carrier fluctuation terms are first calculated using lengthy Monte Carlo simulations for various impurity levels and electric fields. These numbers are then stored in a lookup table for later use by a hydrodynamic simulator. It is shown that this method gives good accuracy for noise analysis and has the advantage of being reasonably fast because the fluctuation terms are calculated only once using the Monte Carlo simulator. The details of this simulator are presented elsewhere. 22, 23 For the hydrodynamic simulations presented in this work, we have selected bulk devices with channel lengths of 60 and 2000 nm, representing short-channel and longchannel MOSFETs, respectively. The hydrodynamic transport model fails at very small channel lengths, preventing us from looking at shorter devices.
The devices used in this work are the same as the device used and discussed by Jungemann et al. 24 which is scaled ͑using bulk doping as a parameter͒ to have a constant off current of 5 mA/ cm at 1.0 V drain and 0 V gate bias at room temperature. The source/drain structure are not changed with gate length. Unless otherwise stated, all data are for GS = 0.8 V, DS = 1 V, and temperature= 300 K. Figure 4 shows the dc characteristics of short-and longchannel devices used in this study. In 60 nm devices, current depends almost linearly on GS resulting in a nearly constant transconductance, as expected for a short-channel device. The slight drop in transconductance at large gate voltages is due to the strong perpendicular field which degrades carrier mobility. In 2000 nm devices, the transconductance increases with increasing gate voltage, as expected for long-channel MOSFETs. Although the device does not exactly follow the square law relationship, it is a good representative of longchannel MOSFET behavior.
The temperature dependency of drain current noise PSD reveals crucial information about the major noise phenomenon in MOSFETs. For example, if the major noise mechanism is thermal noise, its noise power usually increases with temperature. Such a device often shows inferior noise performance at high temperatures. On the other hand, if the major noise mechanism is a nonthermal effect, the noisetemperature dependency will be different. For instance, if the major noise source is shot noise, the noise power will be independent of temperature as long as the current flow is constant. Figure 5 shows a graph of noise PSD versus temperature for the 60 and 2000 nm devices studied in this work. To have a fair comparison, noise PSD is normalized to device current. This is equivalent to using wider devices at high temperatures so that the total device current levels remain constant. For long-channel devices, this normalization compensates for the change of g do with temperature. Figure 5 shows that normalized noise has a strong component that is almost linearly proportional to temperature in long-channel devices. ͑For 2000 nm devices, the graph of Fig. 5 , if extrapolated, does not intercept zero at 0 K. Thus these devices are not ideal long-channel devices, consistent with their I-V relationship.͒ This observation suggests that the dominant noise source in these devices is thermal noise, as expected. On the other hand, noise power drops at high temperatures in shortchannel devices suggesting a nonthermal effect in these devices. The dominance of the potential barrier next to source leads to the appearance of shot noise in these devices which results in a distinctive temperature dependency of noise. Figure 6 compares MOSFET noise to the long-channel prediction and full shot noise at different temperatures for short-and long-channel devices. Note that the noise power spectral density is not normalized to current in this and the following graphs. While the drain noise of the 2000-nm-long devices closely matches long-channel predictions, the noise of the 60 nm devices drops similar to the shot noise and is always smaller than the full shot noise. In these devices, drain noise drops faster than the full shot noise at elevated temperatures. This is because at high temperatures, the number of scattering events in the channel increases due to lattice scattering, resulting in greater suppression of shot noise as explained earlier.
To better understand the origin of noise in MOSFETs, Fig. 7 shows drain current noise versus drain voltage for short-and long-channel MOSFETs at a constant gate voltage of 0.8 V. In long-channel devices, the drain current noise decreases with increasing drain voltage, as expected from the long-channel noise formulation. On the other hand, drain current noise of the short-channel device monotonically increases with drain voltage. This behavior can be explained using the presented MOSFET noise model. With increasing drain voltage, drain current increases which results in the increase in drain current noise due to the existence of partially suppressed shot noise. Figure 7 suggests that the carrier heating or strong electric field effects might not be the dominant phenomena responsible for excess noise in shortchannel MOSFETs. If these phenomena were responsible for excess noise, one would expect the noise to initially drop at low drain voltages before increasing at higher drain voltages. This is because at low drain voltages, the device does not experience a strong electric field or carrier heating and thus it is expected to behave similar to a long-channel device at small drain voltages. Since the noise of the short-channel device increases monotonically with drain voltage, it is hard to explain this excess noise solely based on carrier heating or strong electric field. Figure 8 shows k s and ␥ at different gate voltages. As can be seen in this figure, the shot noise suppression factor drops at high gate voltages, a behavior that can be explained by using the presented model: at high gate voltages, strong perpendicular electric field leads to more channel scattering and stronger suppression of shot noise. 
B. Measurement results
In order to experimentally verify the model's predictions, shot noise suppression factor of a short-channel transistor is measured using an indirect device noise characterization method introduced elsewhere.
25 Figure 9 shows the shot noise suppression factor for 0.18 m devices extracted from phase noise data. As can be seen in this case, this factor is close to 1 and drops at high gate voltages. The apparent slight increase of k s at GS = 2.2 and 1.9 is within the error bars and thus may be artifacts. The overall drop of k s at high GS values is due to mobility degradation which is consistent with the predictions of the model.
C. Noise in other nanoscale devices
The MOSFET noise model proposed here can also be used for explaining noise in other nanoscale devices. A comparison between the drain noise of a short-channel MOSFET ͑Fig. 7͒ and that of a carbon nanotube ͑Fig. 3 in Ref. 26͒ reveals striking similarities. In fact, the fundamental phenomena responsible for noise in both devices are the same. In both cases nearly independent injection of carriers from one terminal to the other terminal leads to the appearance of shot noise which is consequently partially suppressed due to feedback.
The appearance of partially suppressed shot noise in nonequilibrated small conductors is not unprecedented. In mesoscopic conductors, the appearance of partially suppressed shot noise in nonequilibrium is both theoretically predicted 27 and experimentally observed. 28 Nonequilibrium noise in a mesoscopic conductor with only one scattering site in its channel contains a partially suppressed shot noise term which progressively gets more heavily suppressed as the number of nonelastic scattering sites in the channel increases. 29 ͑The main reason for this phenomenon is the Pauli exclusion principle for electrons. This is why shot noise is never suppressed for photons; the Pauli exclusion principle does not hold for photons.͒ In the limit, when there are a large number of inelastic scattering sites located in the channel, the mesoscopic conductor turns into a macroscopic, dissipative conductor for which nonequilibrium noise is the same as the equilibrium noise and is given by the JohnsonNyquist formula.
Partially suppressed shot noise also exists in small conductors of sizes comparable to electron-electron and electron-phonon scattering lengths. [30] [31] [32] [33] [34] As can be seen in Fig. 10 , noise in these devices is smaller than shot noise but still proportional to current. From a pure physics point of view, the appearance of partially suppressed shot noise in short-channel MOSFETs, mesoscopic conductors, and small conductors can probably be traced back to a common origin.
D. Overall noise performance of nanoscale devices
Using the data extracted from these simulations, one can predict the overall noise performance of short-channel MOSFETs. As a figure of merit, Fig. 11 shows input-referred noise in these devices versus temperature. ͑It is also possible to look at the minimum achievable noise figure of the device. However, this factor is also a function of gate noise and the correlation factor between the two noise sources which are not studied in this work.͒ To generate these graphs, both drain noise and g m are normalized to dc current. This is equivalent to using wider devices at high temperatures so that the current level stays constant. In the case of the longchannel device, the input-referred power of drain noise increases monotonically, as expected. On the other hand, for the short-channel device, this power reaches a minimum at a specific temperature. For the devices studied in this work, this temperature happens to be around room temperature. In general, however, this optimum operating temperature might be different from room temperature and can be important for low-noise circuit design.
Our short-channel noise model can also be used to predict the overall noise performance of future MOSFETs and to provide prescriptions for optimizing the noise behavior of these devices. Experiments show that for typical current densities in MOSFETs, the numerical value of shot noise, 2qI, is larger than the numerical value of long-channel thermal noise, 4kT␥g do . This observation suggests that noise in MOSFETs might increase as these devices are scaled down toward the ballistic limit. On the other hand, shot noise is also observed in bipolar junction transistors ͑BJTs͒ while these devices have better noise characteristics than MOSFETs. This second observation makes it unclear whether the appearance of shot noise in MOSFETs will have a deteriorating or enhancing effect on their noise performance.
For an accurate analysis, let us compare short-channel MOSFETs to BJTs. In ballistic MOSFETs, both noise and transconductance are dictated by the potential barrier next to source. In this situation, the dominant noise phenomenon is shot noise which is very similar to what happens in BJTs. ͑We are assuming that base induced noise is negligible in an ideal BJT. This might be an accurate assumption for a real n-p-n HBT working in normal operating conditions.͒ The potential barrier also dictates the transconductance in ballistic MOSFETs. As discussed in Ref. 20 , the modulation of current in ballistic MOSFETs is through the modulation of the height of this barrier, which is in turn modulated by the gate voltage. This phenomenon is again similar to that in BJTs, where collector current is modulated by the modulation of the emitter-base barrier height through the base voltage. Thus ballistic MOSFETs resemble BJTs in many respects.
Unfortunately, the transconductance of a ballistic MOSFET is often smaller than that of its corresponding BJT. Although the modulation of current in both cases is through the modulation of the barrier height, this modulation is smaller in ballistic MOSFETs because of the indirect control of channel voltage through C GS . As shown in Fig. 12 , this capacitor drops part of the input voltage making the transconductance of ballistic MOSFETs inferior to that of BJT. Therefore, a ballistic MOSFET has the noise of a BJT and the transconductance of a MOSFET, the worst of two worlds. This is an unfavorable combination for low-noise analog design.
Whether future commercial MOSFETs will deteriorate in noise performance and how fast this deterioration will occur are still open questions. Investigations show that present MOSFETs are working at 50% of the ballistic limit ͑current in these devices is 50% of the expected current in a ballistic device with the same physical dimensions͒. This percentage has been the same for the past 10-15 years. 35 Although MOSFETs continue to scale, higher perpendicular field in small devices causes more scattering in the channel which has kept them at the same percentage of the ballistic limit for the past 10-15 years. This observation explains why the noise factor has not increased much during the past few years. The presented model can also explain the wide range of reported values for ␥. Noise factor is, in fact, a function of the relative strength of the two current-limiting mechanisms and not the absolute value of channel length. It should even be possible to design a high-noise-factor transistor with a long channel through careful engineering.
During the past decade, careful device engineering which has tried to optimize various device parameters might have led to accidental optimization of noise in short-channel devices. It is not certain, however, whether this trend will continue. In any case, the presented noise model suggests that future MOSFETs should be designed in a way that avoids the dominance of source injection rate over the channel resistance. This prescription does not mean that more scattering should be added to the channel to achieve this goal; rather, better source engineering is required to guarantee an ample injection of carriers from source. This condition seems to be possible to satisfy today because MOSFETs have stayed at 50% of the ballistic limit for such a long time. Ultimately, ultrashort MOSFETs or new devices will emerge with more ballistic carrier transport. At that stage, more study will be necessary to guarantee optimum performance.
IV. CONCLUSIONS
We studied noise in nanoscale MOSFETs and showed that the physical phenomenon responsible for noise in these devices resembles that in ballistic MOSFETs. Therefore it is suggested that modeling noise in nanoscale MOSFETs should not be based on the classical long-channel formulation anymore. Rather, current MOSFETs should be looked at as imperfect ballistic devices and their noise models should be based on noise modeling in ballistic MOSFETs. We presented a model based on this hypothesis and showed that this model can explain short-channel MOSFET noise behavior better than many existing long-channel-based models. Some of our findings are also applicable to other nanoscale devices. We also discussed noise properties of future MetalOxide-Semiconductor ͑MOS͒ device from a circuit point of view and provided some prescription for designing future low-noise nanoscale devices.
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